Changes of fatty acid aerosol hygroscopicity induced by ozonolysis under humid conditions by Vesna, O. et al.
Atmos. Chem. Phys., 8, 4683–4690, 2008
www.atmos-chem-phys.net/8/4683/2008/
© Author(s) 2008. This work is distributed under
the Creative Commons Attribution 3.0 License.
Atmospheric
Chemistry
and Physics
Changes of fatty acid aerosol hygroscopicity induced by ozonolysis
under humid conditions
O. Vesna1,2, S. Sjogren3, E. Weingartner3, V. Samburova4, M. Kalberer4, H. W. Ga¨ggeler1,2, and M. Ammann1
1Laboratory of Radio- and Environmental Chemistry, Paul Scherrer Inst., Villigen, Switzerland
2Department of Chemistry and Biochemistry, University of Bern, Bern, Switzerland
3Laboratory of Atmospheric Chemistry, Paul Scherrer Institut, Villigen, Switzerland
4Institute of Organic Chemistry, ETH Zu¨rich, Zu¨rich, Switzerland
Received: 1 October 2007 – Published in Atmos. Chem. Phys. Discuss.: 1 November 2007
Revised: 24 June 2008 – Accepted: 9 July 2008 – Published: 18 August 2008
Abstract. Unsaturated fatty acids are important constituents
of the organic fraction of atmospheric aerosols originating
from biogenic or combustion sources. Oxidative process-
ing of these may change their interaction with water and
thus affect their effect on climate. The ozonolysis of oleic
and arachidonic acid aerosol particles was studied under hu-
mid conditions in a flow reactor at ozone exposures close
to atmospheric levels, at concentrations between 0.5 and
2 ppm. While oleic acid is a widely used proxy for such stud-
ies, arachidonic acid represents polyunsaturated fatty acids,
which may decompose into hygroscopic products. The hy-
groscopic (diameter) growth factor at 93% relative humidity
(RH) of the oxidized arachidonic particles increased up to
1.09 with increasing RH during the ozonolysis. In contrast,
the growth factor of oleic acid was very low (1.03 at 93%
RH) and was almost invariant to the ozonolysis conditions,
so that oleic acid is not a good model to observe oxidation
induced changes of hygroscopicity under atmospheric condi-
tions. We show for arachidonic acid particles that the hygro-
scopic changes induced by humidity during ozonolysis are
accompanied by about a doubling of the ratio of carboxylic
acid protons to aliphatic protons. We suggest that, under hu-
mid conditions, the reaction of water with the Criegee inter-
mediates might open a pathway for the formation of smaller
acids that lead to more significant changes in hygroscopicity.
Thus the effect of water to provide a competing pathway dur-
ing ozonolysis observed in this study should be motivation
to include water, which is ubiquitously present in and around
atmospheric particles, in future studies related to aerosol par-
ticle aging.
Correspondence to: M. Ammann
(markus.ammann@psi.ch)
1 Introduction
Atmospheric aerosols consist of both inorganic and organic
compounds. Field measurements indicate that the organic
fraction of atmospheric aerosols is in the range from 20 to
90%, depending on the location and sources (Kanakidou et
al., 2005; Jacobson et al., 2000; Novakov and Penner, 1993;
Seinfeld and Pandis, 1998). Fatty acids, i.e., n-alkanoic and
n-alkenoic acids, can make up a significant contribution to
the organic fraction, they have been found in emissions from
biomass burning (Oros and Simoneit, 2001), coal burning
(Oros and Simoneit, 2000), fossil fuel combustion (Rogge et
al., 1993), cooking (Rogge et al., 1991; Schauer et al., 1999),
plants of the terrestrial biosphere (Cheng et al., 2004; Si-
moneit et al., 1988; Simoneit and Mazurek, 1982), and also
in marine aerosols, where they are associated with sea salt
aerosol and stem from degradation of marine biota (Mochida
et al., 2002; Tervahattu et al., 2002). In all these sources,
a significant fraction of fatty acids are unsaturated alkenoic
acids (Kawamura and Gagosian, 1987; Wang et al., 2006).
Some of these are polyunsaturated fatty acids, i.e., have more
than one double bond, and their concentration may exceed
the concentrations of monounsaturated fatty acids (Polzer
and Bachmann, 1991). Given their amphiphilic nature, fatty
acids can be considered as potentially important aerosol sur-
factants (Ellison et al., 1999; Tervahattu et al., 2002).
Processing of organic particulate matter by oxidants in the
atmosphere is believed to significantly contribute to aerosol
hygroscopicity and CCN activity that in turn influence the
direct and indirect aerosol effects on the Earth’s radiation
balance (Kanakidou et al., 2005). A number of studies sug-
gested the importance of the transformation of fatty acid sur-
factants by oxidative processing (Ellison 1999; Finlayson-
Pitts, 1999). Thereby, the organic layer can be transformed
from an inert, hydrophobic film to a reactive, optically active
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Fig. 1. Reaction mechanism for the ozonolysis of an unsaturated
double bond. Formation pathways of acids, aldehydes, secondary
ozonides, α-hydroxyalkyl peroxides and diperoxides in presence
and absence of water.
hydrophilic layer. Unsaturated fatty acids are particularly
susceptible to oxidation due to the reactivity of the double
bond with ozone.
A number of laboratory studies has used ozonolysis of
oleic acid as a model system of fatty acids to investigate the
chemistry of organic particle aging and its relation to aerosol
hygroscopicity (Zahardis and Petrucci, 2007). However, sig-
nificant absorption of water by oxidized oleic acid drops and
films was only evident at very high ozone concentration (up
to 500 ppm) and relative humidity above 90% (Asad et al.,
2004; Hung et al., 2005; Hung and Ariya, 2007), and it has
been argued that these conditions may not have been relevant
for the atmosphere (Zahardis and Petrucci, 2007). Only very
recently, Lee and Chan (2007a) have reported a very low hy-
groscopic growth factor after exposure of oleic acid to low
concentrations of ozone over extended periods of time.
In this work, we exposed oleic acid (OA) and arachidonic
acid (AR) aerosol particles to ozone and humidity under con-
ditions as close as possible to ambient to establish a link
between condensed phase alkene oxidation and hygroscopic
growth. The goal was to determine the hygroscopic growth
factor (GF) as function of ozone concentration and humid-
ity and to relate the observed hygroscopic changes with the
functional group composition of product particles. OA is a
C18 monounsaturated fatty acid with a double bond at the
C9 position, and AR is a polyunsaturated C20 fatty acid
with four double bonds at the C5, C8, C11 and C14 po-
sitions. Ozone attacks at the carbon-carbon double bonds,
which leads to primary ozonides that then decompose into a
range of products. A simplified scheme is given in Fig. 1.
For OA the products are non-hygroscopic C9 acids, aldehy-
des and oligomers thereof (Zahardis and Petrucci, 2007). The
AR-ozone reaction may lead to shorter chain species, includ-
ing hygroscopic C3 and C5 dicarboxylic acids. The effect of
water on condensed phase alkene oxidation has not been en-
tirely clarified so far, even though the reaction of the Criegee
intermediates with water had been suggested to be signifi-
cant in the gas phase (Hasson et al., 2001a). Very recently,
Chen et al. (2008) have suggested from an ozonolysis study
of methyl vinyl ketone and methacrolein that pathways lead-
ing to hydrogen peroxide via hydroxy-hydroperoxides (see
Fig. 1) might be important. The decomposition of the hy-
droperoxides may also lead to acids. Therefore, humidity
might have a significant effect on the yield of hygroscopic
products, the target of the present study.
OA and AR have been chosen as laboratory model com-
pounds as the product particles from both OA and AR oxi-
dation are expected to generally represent the organic frac-
tion of aged particles from emissions rich in fatty acids from
sources listed above. For the purpose of these laboratory
studies, the precursor particles are of sufficiently low volatil-
ity, and the product particles (for AR) are expected to contain
a sufficient density of hygroscopic products.
2 Experimental
The aerosol particles were generated by passing a flow of
nitrogen (1 l min−1) over a reservoir containing OA or AR
in an oven kept at 130◦C±2◦C or 160◦C±2◦C, respectively,
downstream of which OA or AR particles form by homoge-
neous nucleation by cooling to laboratory temperature. The
particle number concentration and size distribution were con-
tinuously measured with a Scanning Mobility Particle Sizer
system (SMPS). The resulting aerosol particles had a geo-
metric mean diameter of 77 nm and 55 nm for OA and AR
(±2% for both types), respectively, with a number concen-
tration of 5×106 particles cm−3 (±30% (1σ)).
Ozone was generated by irradiating a 0.6 l min−1 flow of a
mixture of 40% O2 in N2 in a quartz tube with an ultra-violet
lamp (Pen-Ray 3SC-9, UV Products Ltd., USA) and dilut-
ing it to a flow of 1 l min−1. The aerosol and ozone flows
were mixed together directly in front of the 6.27 l Teflon lam-
inar flow reactor kept at room temperature and with a resi-
dence time of 6 min. The concentration of ozone (0.5–2 ppm
with variations <1% during a 2 h time period) was measured
with a photometric ozone analyzer (model ML 9810, Mon-
itor Labs Inc, USA) downstream of the reactor in absence
of aerosol. Ozone remained in excess with a depletion of at
maximum 30%, if aerosol was present in the reactor, con-
sistent with reported uptake kinetics. Ozone remaining at
the exit of the reactor was scrubbed from the gas using a
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potassium iodide denuder to avoid secondary chemistry in
the sampling devices.
Relative humidity (RH) in the flow reactor was adjusted
separately in the two gas flows containing ozone and aerosol
particles prior to mixing in front of the reactor by passing the
flows through a humidifier. The latter consisted of a Gore-
tex membrane tube partially immersed in water, the level of
which could be adjusted. RH in the flow reactor could be ad-
justed from 0 to 95% at a precision of±2%. It was measured
using capacity sensors (Rotronic, Switzerland).
We use an hygroscopicity tandem differential mobility an-
alyzer (H-TDMA), to characterize the particles exiting the
flow reactor (Sjogren et al., 2007; Weingartner et al., 2002).
Hygroscopic growth, i.e., the change in diameter due to up-
take of water, of particles with diameters between 20 and
250 nm was determined at room temperature and in the hu-
midity range of 10% to 95% RH with an accuracy of 0.1◦C
and 1.6%, respectively. In the present experiments, the
aerosol particles (flow rate: 0.3 l min−1) first entered a sil-
ica gel diffusion dryer in order to dry the sample to <10%
RH at 25◦C. The dry aerosol is then brought to equilibrium
charge with a diffusion charger (85Kr) and fed into the first
differential mobility analyser (DMA), where a narrow size
range of dry aerosol (100 nm for OA and 68.5 nm for AR)
is chosen. The monodispersed aerosol is then conditioned
to a well-defined higher RH during 1 min. We have tested
that 1 min. is sufficient to establish equilibrium between
aerosol and water vapour. The aerosol particle diameter (D)
is then measured using the second DMA and a condensa-
tion particle counter (CPC, 3022A, TSI, USA). The GF is
defined as the ratio of the humidified particle diameter (D)
to the dry particle diameter (D0). A humidogram describes
the GF as a function of RH. Some substances show a hys-
teresis behaviour (forming a meta-stable supersaturated so-
lution). Therefore, in addition to the procedure described
above, during which the aerosol is exposed to a certain RH
from an initially dry condition, denoted as hydration case,
the monodisperse aerosol is also exposed first to RH>80%,
and then to the final RH, which is denoted as the dehydration
case.
We use proton nuclear magnetic resonance spectroscopy
(1H-NMR), which is a suitable method to characterize com-
plex mixtures of organic compounds, also with variable wa-
ter content, in terms of its functional group composition
(Decesari et al., 2000; Samburova et al., 2007). Filter sam-
ples were collected at the exit of the flow reactor during 2 h
on a Teflon coated quartz fiber filter (TQFF) (PALLFLEX
Membrane Filters, PALL Gelman, USA). 1H-NMR spectra
were obtained at a frequency of 600 MHz on a model LA-
400 spectrometer from JEOL (Tokyo, Japan) with a model
FG-400 probe from Nanorac Cryogenics Corp. (Tokyo,
Japan). Chemical shifts are reported in ppm. The filters
were extracted with fully deuterated methyl sulfoxide-d6
(DMSO-d6) (99.9 atom % D, Aldrich), which allows observ-
ing the proton signals of the main functional groups directly
in the spectra (Samburova et al., 2007). Dibromomethane
(CH2Br2) was added as internal quantification standard, as
it gives a well resolved peak in the region of vinyl protons
at 5.5 ppm. A detailed description of this procedure is given
by Samburova et al. (2007). Carboxylic acid protons ap-
peared as a group of peaks (10.5–14 ppm), well separated
from aliphatic protons (0.5–2 ppm), which are in β-position
and further away from an acid or carbonyl group. The un-
avoidable signals from DMSO-d6 and trace amounts of wa-
ter at 2.50 and 3.31 ppm, respectively, partially overlap with
signals from aliphatic protons (-CHn) in α-position to a car-
boxylic (COOH) or carbonyl group. Only those in β-position
or further away from oxygenated groups were included to
calculate ratios of carboxylic to aliphatic protons.
3 Results and discussion
Figure 2a shows typical humidograms of processed and un-
processed OA aerosol. They show that the unprocessed OA
particles take up only insignificant amounts of water, with
the GF of OA being 1.01 at 93% RH. This would corre-
spond to about 2.5 formal monolayers of water on the sur-
face or to about 1% volume fraction, consistent with the
very low solubility of OA due to its long hydrophobic C18-
chain. Similar results were observed on OA films, drops
and levitated particles (Asad et al., 2004; Hung et al., 2005;
Lee and Chan, 2007a). A humidogram of OA aerosol pro-
cessed by 1.84 ppm ozone (corresponding to an exposure
of 6.7×10−4 atm s) and at 75% RH in the reactor is also
shown in Fig. 2a. The measured GF of the processed OA
aerosol slightly increased to 1.03 at 93% RH as compared
to unprocessed OA aerosol. We did not observe any indi-
cation of deliquescence, nor did we observe any difference
between humidograms obtained in hydration and dehydra-
tion mode (data lumped in Fig. 2). We did also not observe
a significant change to this GF, when we performed the ex-
periment at lower ozone concentration down to 0.5 ppm and
lower humidity. The diameter growth factors reported here
for processed and unprocessed OA particles are fully con-
sistent with the mass growth factors observed by Lee and
Chan (2007a) for levitated particles about 50 micrometer in
diameter of about 1% and 3%, respectively, at 90% RH. The
latter experiments were performed at ozone concentrations a
factor of 2 to 8 lower than ours, but over much longer periods
of time (up to 20 h).
As shown previously, the reaction of ozone with OA pro-
duces a variety of oxygenated products such as azelaic acid,
nonanoic acid, 9-oxo-nonanoic acid and nonanal (Hung et
al., 2005; Katrib et al., 2004; Moise and Rudich, 2002;
Smith et al., 2002; Thornberry and Abbatt, 2004; Zahardis et
al., 2005; Ziemann, 2005), some polymeric products (Hearn
and Smith, 2005; Hung et al., 2005; Zahardis et al., 2005;
Ziemann, 2005; Reynolds et al., 2006) and high-molecular-
weight organic compounds (Hung et al., 2005; Zahardis et
www.atmos-chem-phys.net/8/4683/2008/ Atmos. Chem. Phys., 8, 4683–4690, 2008
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Fig. 2. Humidograms of oxidized OA (a) and AR (b) particles as
function of RH in the H-TDMA. Red circles and blue squares de-
note the GF of particles processed with 1.85 ppm ozone at 75% RH
in the reactor and of unprocessed particles, respectively. The green
triangles denote the GF of AR particles processed with 1.80 ppm
ozone under dry conditions.
al., 2005; Ziemann, 2005). Even though some of the smaller
products contain carboxylic acid groups that lead to a slightly
increased water uptake, they are insoluble in water and not
hygroscopic, as shown previously for pure azelaic acid (An-
drews and Larson, 1993). In addition, the recent aerosol stud-
ies by Hearn and Smith (2005) and Katrib et al. (2005) sug-
gest that these species are only minor reaction products.
In contrast, at ozone exposures orders of magnitude higher
than in our study, Asad et al. (2004) (0.81 atm s) and Hung
et al. (2005) (0.16 atm s) observed a significant increase of
adsorbed water mass on an OA film and hygroscopic vol-
ume growth of deposited OA drops, respectively. Compara-
ble to the hygroscopic behavior, Broekhuizen et al. (2004)
measured an increased CCN activity at a supersaturation of
0.6% after ozone exposures higher than 0.14 atm s. These
effects were probably due to further destruction of primary
reaction products into smaller, more soluble organic species
(Nepotchatykh and Ariya, 2002). Therefore, the previous ex-
periments were only able to demonstrate increased water up-
take after oxidation at ozone concentrations high enough to
allow secondary chemistry leading to soluble products that
will not be operative under atmospheric conditions (Zahardis
and Petrucci, 2007). Our present data, consistent with those
by Lee and Chan (2007a), obtained at ozone concentrations
of 0.5 to 2 ppm demonstrate that OA ozonolysis under atmo-
spheric conditions is not leading to hygroscopic products.
As in the case of OA, the humidogram of unprocessed
AR aerosol shows only very little size changes with rela-
tive humidity (Fig. 2b). When AR aerosol was processed
with ozone under dry conditions and an ozone concentration
of 0.5 or 2.0 ppm, corresponding to exposures of 1.8×10−4
atm s and 6.7×10−4 atm s, respectively, no increase in hygro-
scopic growth was observed, similar to the OA case. How-
ever, when the humidity in the reactor was set to 75%, a sig-
nificantly increased hygroscopic growth was observed, e.g. at
1.84 ppm ozone, as shown in Fig. 2b. Here, the processed AR
aerosol shows a monotonically increasing humidogram, and
the observed GF at 95% RH in the H-TDMA is 1.09. Again,
no indications of deliquescence were evident and hydration
and dehydration curves were identical.
In contrast to the case of OA, ozonolysis of AR is expected
to result in short C3-C6 multifunctional organic compounds
as first generation products that contain carboxylic and car-
bonyl groups, some of which are soluble and hygroscopic.
For example, pure malonic (MA) and glutaric acid (GA),
which would result from cleavage at all double bonds and
decomposition of the corresponding CIs via pathway (1) in
Fig. 1, have GFs 1.73 and 1.29 at 90% RH (Prenni et al.,
2003), respectively. From this perspective it is surprising that
under dry conditions, the hygroscopic growth factors would
not respond more significantly to ozonolysis. Also in a re-
cent study by Lee and Chan (2007b) on ozonolysis of linoleic
and linolenic acids under dry conditions, the mass growth
factors hardly increased compared to oleic acid ozonolysis
mentioned above. One aspect may certainly be the fact that
the most hygroscopic products expected from AR ozonoly-
sis, MA and GA, may undergo significant evaporation (Ku-
mar et al., 2003; Koehler et al., 2006; Rissmann et al., 2007).
However, we do not believe that they would be entirely de-
pleted from the particles at the time of the HTDMA measure-
ment. Therefore the differences in growth factors observed
between dry and humid ozonolysis indicate that either water
significantly accelerated the kinetics or changed the chemical
mechanism. A more physical aspect might be that at high hu-
midity, the formation of soluble products leads to a swelling
of the particles due to water uptake and thus facilitates the
access of ozone into the bulk of the particles for further pro-
cessing.
At high humidity (75%), the GF gradually increased with
increasing ozone concentration (Fig. 3a), indicating that no
second order effects are playing a substantial role. Similarly,
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Fig. 3. (a) Hygroscopic growth factor of the oxidized AR parti-
cles as a function of the ozone concentration. The humidity in the
aerosol flow reactor was 75% RH. (b) Hygroscopic growth factor
of AR particles processed with 1.84 ppm ozone as a function of the
relative humidity in the aerosol flow reactor. H-TDMA measure-
ments were extrapolated to 90% RH. The error bars represent the
standard deviations.
the GF increased gradually with increasing humidity dur-
ing ozonolysis at constant ozone exposure of 6.7×10−4 atm s
(Fig. 3b).
Using 1H-NMR, the ratio of acid protons to aliphatic pro-
tons in β-position and further away from the acid groups was
determined for samples taken during experiments peformed
under dry conditions, at 27%, 46%, 72% and 82% RH. They
show a parallel increase with RH to that of the GF. Figure 4
displays the correlation between the measured GF and the
ratio of acid to aliphatic protons. Due to the limited access
to the NMR instrument, we could only take a few samples
from one experimental run at a given humidity, so that the
error bars do not account for the day to day variability. As
mentioned in the experimental section, due to spectral over-
lap, only protons in β-position and further away from the
acid group are included in the ratio displayed here. For the
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Fig. 4. Correlation of the hygroscopic growth factor at 90% RH in
the H-TDMA with the ratio of the concentration of acid protons to
that of aliphatic protons determined by 1H-NMR. Each data point
corresponds to experiments performed at the relative humidity indi-
cated and at 1.84 ppm ozone in the flow reactor. Error bars are stan-
dard deviations of samples obtained during the same experimental
run.
reactant AR, this ratio is 0.034, due to 1 COOH proton and
29 aliphatic protons in β-position and further away. Under
dry ozonolysis conditions, this ratio reached 0.055 indicat-
ing a small but already significant increase of the density of
acid groups. For ozonolysis at 82% RH, the ratio of acid to
aliphatic protons increased to 0.12, i.e., by a factor of 3.5 as
compared to the parent AR, or a factor of about 2 compared
to ozonolysis under dry conditions. Two caveats are appro-
priate with respect to this analysis. The evaporation of the
smaller dicarboxylic acids that strongly contribute to a high
COOH-H to CHn-H ratio may be more substantial on the
filter while sampling than during the short residence time in
HTDMA experiment. The other aspect is the fact that the HT-
DMA experiments were performed with fixed particle sizes,
roughly at the mode of the aerosol number size distribution,
while the mass of material sampled for the 1H-NMR analy-
sis is dominated by the larger particles that may have been
processed to a lesser degree than the smaller ones. In both
cases, the measured GF may have referred to not exactly the
same composition as the COOH-H to CHn-H ratio.
In an attempt to rationalize the growth factor measured un-
der humid conditions, we could consider the extreme case
that the product particles consist of a mixture of MA and AR
only. Each MA molecule contributes two acid protons, but
no aliphatic proton in β-position, while each AR molecule
contributes one acidic proton and 29 aliphatic protons. The
observed COOH-H to CHn-H ratio of 0.12 would then cor-
respond to a mixture of 45% AR and 55% MA. Using the
Zdanovskii, Stokes, and Robinson (ZSR) method (Cruz and
Pandis, 2000), assuming ideal behaviour of solutes present
www.atmos-chem-phys.net/8/4683/2008/ Atmos. Chem. Phys., 8, 4683–4690, 2008
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and taking a growth factor of 1.01 for AR and 1.73 for MA,
we get a GF of 1.41 for the mixture, much larger than what
was measured. If we do the same analysis assuming GA acid
as the only other species in the mix contributing 2 acidic and
2 aliphatic protons, the measured proton ratio of 0.12 would
correspond to 58% GA and 42% AR, giving a growth factor
of 1.17, still higher than what was measured. Longer chain
diacids, monoacids or oxoacids are less soluble. They con-
tribute to the acidic protons measured by NMR but not sig-
nificantly to the hygroscopic GF and may explain the offset
in the correlation plot. Therefore, this analysis indicates that
the increased COOH-H to CHn-H ratio from ozonolysis un-
der humid conditions is likely caused by an increased pres-
ence of the small dicarboxylic acids. This suggests that the
chemical mechanism under humid conditions promotes the
formation of acids more than under dry conditions.
According to the “dry mechanism” of condensed phase
alkene ozonolysis (see Fig. 1), the ozonolysis starts with the
addition of ozone into the double bond and the formation
of the primary ozonide, which is unstable and decomposes
into an aldehyde and the Criegee Intermediate (CI). This
CI could (Zahardis and Petrucci, 2007): (1) isomerize and
form an acid group (eventually leading among others to MA
and GA for AR ozonolysis, as mentioned above), (2) react
with an aldehyde and form a secondary ozonide, (3) react
with an acid group and form a hydroperoxide, (4) react with
another CI and form a diperoxide. Depending on the ma-
trix, these reactions can continue and lead to high-molecular
weight compounds or further to oligomers. In addition to
these processes, for polyunsaturated fatty acids, autoxidation
processes could also contribute, especially at low ozone con-
centrations and over long time scales (Lee and Chan, 2007b).
The presence of water vapor during ozonolysis could influ-
ence the mechanism described above in several ways, e.g., by
inhibiting or promoting isomerization or the reaction with an
acid. Most likely, in analogy to the corresponding gas phase
chemistry, water can react with a CI and form a hydroxy-
hydroperoxide (HHP, pathway (5)), that in turn decomposes
heterogeneously to form either a carbonyl and H2O2 or a car-
boxylic acid and H2O (Hasson et al., 2001a; Horie et al.,
1994). Therefore, this pathway (5) competes with (3), the
reaction of CI with an acid. As our results show, the re-
action with water seems to promote the formation of small
water soluble acids, possibly at the expense of larger molec-
ular weight complexes formed under dry conditions. We also
note that even if in (5) only a small fraction decomposes into
the acid and the majority into the aldehyde, the short alde-
hydes formed in AR ozonolysis are volatile and mostly lost
to the gas phase, while the acids are more likely to remain in
the aerosol phase in spite of the evaporation losses mentioned
above also for them. This additionally increases the overall
content of acids in the aerosol phase and especially the small
dicarboxylic acid fraction, which are the most hygroscopic.
4 Conclusions and atmospheric implications
This study shows that a polyunsaturated fatty acid, such as
AR, is a good model system to follow hygroscopic changes
induced by oxidation of organic aerosol particles with an at-
mospherically relevant ozone exposure, and that water plays
an important role in condensed phase alkene oxidation. Sim-
ilar effects could not be demonstrated with a widely used
proxy for such studies, OA, under these conditions. The
ozone exposures used in the present experiments, namely
from 0.5 to 2 ppm during the experimental reaction time
(6 min) correspond to about 20 h exposure in the remote at-
mosphere. The effects were linearly varying with ozone con-
centration in this range, indicating that second-order effects
were not playing a role.
In this laboratory study, we worked with simple model
compounds in their pure form. Even though these particle do
not directly compare to real atmospheric particles in struc-
ture and composition, we recall that in many environments,
the mass fraction of fatty acids can be substantial and among
these, the fraction of unsaturated representatives may even
exceed the saturated ones, as mentioned in the introduction
section.
Under dry conditions, ozonolysis of condensed phase
alkenes, either pure or in mixtures with a protic matrix
such as acids, is characterized by the formation of non-
hygroscopic high molecular weight products. Under humid
conditions, the reaction of water with the CIs might open a
pathway for the formation of smaller acids that lead to more
significant changes in hygroscopicity and possibly also in
CCN activity.
In spite of the nice correlation between the functional
group analysis and the hygroscopic growth factors, this re-
lation remains somewhat qualitative in character, as without
more detailed product information a direct quantitative pre-
diction of the growth factor is not possible. Nevertheless,
the effect of water to provide a competing pathway during
ozonolysis observed in this study is a reminder that the prop-
erties of a complex aerosol are not a simple superposition of
the properties of its individual components.
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